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The grouting methodology in Sweden is developing towards a more extensive use of low 
water/cement-ratios. The main reason for this development is the better stability of the lower 
w/c-ratio grouts meaning that the water separation is less than for higher w/c-ratios. However, 
grouting in low permeable rock or in clay-filled fractures often is performed with high w/c-
grouts with better sealing efficiency. Another method that involves high w/c-ratio grouting is 
“grout thickening” where the grouting starts with a high w/c-ratio and successively lower w/c-
ratio is used.  
 
In this study the penetration and the stop mechanisms of suspension grouts have been 
investigated. The study started with a literature survey, from which hypothesis are formed and 
tested in the laboratory. The laboratory method used was sand column tests. The column, 
height 1 m and diameter 0.1 m, was filled with 0.9 m sand which was characterised by 
hydraulic measurements. The grouting was performed with Myanit, a suspension consisting 
of crushed dolomite with similar rheological characteristics as cement. The main advantage of 
using Mynait is that it is an inert material. This implies that it will keep it characteristics 
throughout the grouting and it will not harden with time. In order to obtain different 
relationships between grout grain size and theoretical aperture and hence groutability, 
different ratios between water and the solids were used as well as different sand grain 
distribution. 
 
Generally, the conclusions are that the penetration increased with higher water/solid-ratios 
and the penetration stops due to three different mechanisms. In apertures that are too small for 
the grout to enter, the sealing occurs due to blocking of the entrance. At the limit on what is 
possible to penetrate, a higher w/s-ratio leads to a further penetration compared to a grout 
with lower w/s-ratio. The suspension is not moving as a united front, rather it is a more dilute 
grout in the front, which leads to sealing by single suspensions grains that blocks the pathway. 
In larger aperture, the grout penetrates more united and the penetration stops due to 
equilibrium between driving forces and friction forces. 
 
The results implies that the use of “grout thickening” in the field will lead to that the initial 
higher w/c-ratio grout will penetrate a larger area of the fracture plane and suspension grains 
will successively plug the constrictions. The thicker grout will then penetrate the larger 





Injekteringsmetodiken i Sverige går allt mer mot enbart användning av cementbruk med låga 
vatten/cement-tal (vct). Huvudorsaken för detta är att injekteringsbruk med låga vct generellt 
är mer stabila och uppvisar en mindre separation jämfört med bruk med högre vct. Dock är 
oftast injekteringsbruk med höga vct mer lyckosamma vid injektering i lerfyllda sprickor och 
i finsprickigt berg. Ett annat vanligt användningsområde för höga vct är vid injektering med 
”tjocka på” konceptet vilket innebär att injekteringen inleds med ett högre vct varefter man 
successivt sänker vct.   
 
I studien har inträngningen och stoppmekanismerna för suspensionsinjekteringsmedel 
studerats. Inledningsvis utfördes en litteraturstudie från vilken ett antal hypoteser sattes upp. 
Hypoteserna testades därefter i laborationer. Laborationerna utfördes som sandkolonn test 
med en kolonn som var 1 m hög och 0.1 m i diameter. Kolonnen fylldes till 0.9 m med sand 
och därefter utfördes hydrauliska mätningar för att karakterisera sanden. Injekteringen 
utfördes med Myanit, en suspension av krossad dolomit med reologi liknande cement. 
Huvudorsaken att använda Myanit är att den är inert vilket innebär att den behåller sina 
egenskaper under injekteringen och det sker ingen hållfasthetsförändring över tiden. För att 
skapa olika förhållanden mellan injekteringsmedlets kornstorlek och teoretisk öppning i 
sanden användes olika vct samt kornfördelningar på sanden. 
  
Resultaten från laborationerna visar att inträngningen ökar med ökat vct och stopp för 
inträngningen sker p.g.a. tre olika mekanismer. I öppningar som inte injekteringsmedlet kan 
passera blockeras suspensionskornen. I området som är på gränsen för vad suspensionen kan 
tränga in i, medför ett högre vct en längre inträngning jämfört med lägre vct. Inträngningen 
sker inte som en enad front utan den mer utspädda suspensionen medför att enskilda 
suspensionskorn successivt blockerar flödesvägarna. Vid större öppningar sker inträngningen 
mer enat och stopp uppkommer då de pådrivande krafterna är i jämvikt med 
friktionskrafterna.  
 
Användningen av ”tjocka-på” konceptet i fält innebär att den inledande suspensionen med 
högre vct kommer att penetrera en större yta av sprickplanet och suspensionskornen kommer 
successivt att stoppa vid förträngningar. Fortsatt injektering med ett lägre vct innebär att 
inträngning framförallt sker i de större öppningarna och den totala effekten kommer att vara 
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b= Aperture       [m] 
C3=constant in Kozeny-Carman equation   [-] 
D= Grain size of soil/ sand      [m] 
d= Particle size of grout      [m] 
h= Hypotenuse of a triangle     [m] 
I= Penetration       [m] 
k=intrinsic permeability     [m2] 
n= Porosity       [-] 
p= Pressure       [Pa] 
r= Radius of small grain     [m] 
R= Radius of large grain     [m] 
RH= Hydraulic radius      [m] 
S= Specific surface      [m2/m3] 
U= Steepness of grain distribution curve, defined as d60/d10 [-] 
α= shape factor      [-] 
γd= Dry density      [kg/m3] 





The grouting strategy in Sweden today is moving towards using more stable grouts, which 
means grouts with lower water/cement-ratios (w/c-ratio). However, in some situations such as 
grouting in low permeable rock with narrow fractures or in clay filled fractures, high w/c-ratio 
grouts is still often the used. A common procedure is also to start the grouting with high w/c-
ratio and then increase the amount of cement successively. This often referred to as “thicken” 
the grout. An increased use of microcements has lead to that higher w/c-ratios have to be used 
in order to avoid clogging of the particles. The microcements are more fine grained than 
ordinary cementitious grouts and hence has a larger specific surface. This leads to an 
increased surface attraction of the grains and hence the grains have to be further apart than 
ordinary cementitious grouts to avoid clogging. 
 
This study aims at elucidate the process behind grouting with high w/c-ratios. The objective 
of this study is to examine the penetration of grouts with a high w/c-ratio, the sealing process 
and the sealing efficiency. The structure of the report is that it begins with a literature survey 
for theory development followed by stating some hypothesis that will be tested in a laboratory 
study. The scope of the literature survey is to understand the potential of succeeding as well as 
the mechanics of grouting operation with high w/c-ratios. The laboratory study will be 
performed in a sand column using both new developed and existing theory of evaluating the 
tests. The definition used for high w/c-ratios in this report is cementitious grouts with a w/c-
ratio from 2.0 and higher.  
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2 Using high w/c-ratio cements 
The idea of using high w/c-ratios is that the penetrability is much better than for cement with 
lower w/c-ratios (e.g. Houlsby 1990). This depends on that a mix with water and cement with 
a high w/c-ratio yields a more diluted than for lower w/c-ratios. In general this implies that the 
viscosity and the yield strength of the grout are lower. The general theory of “thicken” the 
grout is that the finer fractures are penetrated first and the larger fractures are then sealed with 
the lower w/c-ratio. According to Lombardi (2003) the actual effect of this grouting strategy 
is questionable since the grout will penetrate the larger fractures initially and the finer 
fractures will remain ungrouted. 
 
A common used rule of thumb regarding grouting in fractured hard rock is that the equivalent 
aperture has to be 3-5 times larger than the larges particles in the grout (Bell 1982 among 
others). Marinet (1998) showed that an arch containing three particles is stable but with more 
particles it becomes unstable. This can be one theoretical explanation of the rule of thumb. 
Eklund (2005) showed that this rule of thumb also depends on the size of the grains. As the 
cement grains get finer, the specific surface of the grains increases and hence also the specific 
charge of the particles. It was showed that the penetrability was not increased by using 
cements with a maximum diameter of 12 μm or 16 μm compared to using cement with a 
maximum grain size of 30 μm. By using higher w/c-ratios the hypothesis is that the cement 
grains will be more separated and hence the probability for clogging of the grains decreases. 
According to Graf (1993) the particles pass a constriction one by one at a volume-ratio 
between water and filler of 6 to 1.  
 
By using high w/c-ratio cement the amount of hardening material (cement) is lower compared 
to low w/c-ratio cement. This results in a final product with less strength. The porosity of the 
hardened cement is also higher than for cement with a lower w/c-ratio, which could decrease 
the durability of the grout (Houlsby 1990). The separation of the cement is higher with higher 
w/c-ratio. The effect of this in a rock fracture is not fully investigated but it can have an effect 
in larger rock discontinuities. However, high w/c-ratio grouts have been used for many years 
and are still used. The technology with additives of microsilica such as GroutAid makes it 
easier today to do grouting with w/c-ratios over 2.0. Microsilica is amorphous silica with 
particles larger than 0.1 μm and d90 of 10 μm (Elkem). Experiments have been done where 
cementitious grout up to a w/c-ratio of 6.0 had a separation less than 2% after 2 hours with 
addition of GroutAid (Elkem).   
 
A common laboratory method to study penetration of grouts in narrow fractures is to use a 
sand column (e.g. Bergman 1970, Funehag, 2005). The porosity of the sand yields a fictious 
width that can be controlled by using different grain size distributions. According to Bergman 
(1970) the fictious width in a sand column can approximately be estimated as 5015.0 D⋅ . It 
should be noticed that this relationship was developed for rather narrow grain distributions 
and the error increases if the distribution curve gets more widespread. In soil grouting, a 
common rule of thumb is expressed as the ratio between D15 of the soil and d85 of the grout, 
see Equation 1. The ratio should be around 25 in order to be able to perform grouting 







D .     Eq. (1) 
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The literature survey focuses on experiments conducted in sand columns and especially 
experiments made with high w/c-ratio cements. These tests have generally studied the 
penetrability and the process of filtration of the cement grains. Generally, the tests have been 
focusing on the compatibility of the grouts in soil grouting and the analyse of fictious width 
have been made in this report.   
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3 Literature survey 
Within the oil-recovery industry the plugging of grains has been studied with the application 
that so-called proppant agents are pumped into fractures in permeable sand structures. The 
agents are supposed to penetrate the fractures but should stop in the fractures and are then 
used to keep the fracture open after hydraulic fracturing has opened up the fractures. Studies 
were conducted by Saucier (1974) in order to study the median diameter ratio between the 
gravel pack and the formation sand in oil-recovery from unconsolidated formations. In 
Figure 1 the result from the study is presented. At a ratio of 5-6 between the median diameters 
is preferred to optimize the stoppage of sand throw the gravel filter. At smaller ratios the 
absolute gravel permeability will become to low and at larger ratios the permeability will sink. 
At a ratio around 14 the sand will flow through the pack (Suman Jr. et al. 1985). The results 
agree well to the theoretical study done for grouting above regarding the penetrability. 
 
Figure 1: The relationship between diameter ratio and pack permeability, after Bradley 
(1987). 
3.1 Penetrability of high w/c-ratio grouts 
Saada et al. (2005) made a model of the filtration process of cement suspension in porous 
media which were compared to experimental studies. The experiment was done with a 
microfine cement with a maximum grain size of 16 μm, a w/c-ratio of 5.0 and addition of 5% 
superplastisiser. The sand had a D15 of 0.12 mm and a D50 of 0.19 mm. This yields that the 
fictious width of the sand was 30 μm and hence the ratio between the width and the maximum 
grain size of around 2. The result showed that two specific processes were notable, first the 
filling phase were the grout is replacing the water and then a distinct change to a lower 
grouting rate were filtration of the grout occurs. This would imply that the grout is penetrating 
the sand and the lower grouting rate would imply a successive grout filling of the sand pores. 
Grouting with this dilute grout mixture with added superplastisiser resulted in a better 
penetration than normally expected but during the grouting time no sealing of the sand was 
obtained. 
 
Arenzana et al. (1989) made an extensive laboratory study on dilute grout mixtures in 





nR γ⋅⋅−= )1(     Eq. (2) 
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According to this equation the calculated hydraulic radiuses were between 2-14 μm. The 
experiments were done with grouts with a w/c-ratio from 2.0 up to 100 and the d98 of the 
grout was 10 μm. The findings were that the most important filtration characteristics were the 
ratio between hydraulic radius and the grain size of cement. Grains larger than one-third of 
the hydraulic radius was filtered while the smaller grains were filtered in considerable less 
amounts. For a w/c-ratio of 2 no penetration was possible but the grout penetrated at higher 
w/c-ratios. From this can it be concluded that the w/c-ratio affects the penetrability. 
 
Mittag and Savidis (2003) made experiment where a microfine grout was injected into an 
injection funnel and hence obtaining a spherical penetration. The grout that was used had a 
maximum grain size of around 16 μm and the w/c-ratio was 5.0. The sand had a fictious width 
according to Bergman (1970) of 32 μm implying a ratio of 2 between the aperture and the 
grout grains. The soil grouting ratio, D15/d85-ratio, between the soil and the grout was around 
25. The filtration of the cement was measured by heating samples of the cemented sand and 
measuring the ignition loss. The result showed that the cement was concentrated in the first 
half of the penetration radius. This means that most of the cement grains were filtered in the 
beginning and it was a very thin mixture that was transported through the whole funnel. This 
is also confirmed by both the rock and soil grouting ratios, which was close to what is 
considered as groutable.  
 
3.2 Sealing efficiency of high w/c-ratio cement 
Dupla et al. (2005) made grouting experiments with high w/c-ratio grouts into sand columns. 
The sand columns were 1040 mm long and had a diameter of 80 mm. The grouts had a w/c-
ratio of 5.0 or 10.0. The cements that were used were Spinor A12 and A6, two microfine 
grouts with grain size less than 12 respectively 6 μm (Microcementos Spinor). The D50 of the 
sand was 0.19 mm, which yields a fictious width of 30 μm. After grouting, the compression 
strength of the sand column was tested at five different heights in the column. In Figure 2 an 
example of the result is presented. In the figure is C2F the same as Spinor A12 and C3F is 
Spinor A6. C/E stands for the cement/water ratio by weight, which means that the w/c-ratio is 
the inverse of this value. 
Figure 2. Result of the compressive strength at different distances from the grout inlet in a 
sand column grouted with microfine cement. The term C2F is a grout with a maximum grain 
size of 12 μm and C3F has a maximum grain size of 6 μm. The two curves to the right have a 
w/c-ratio of 5.0 and the curve to the left has a w/c-ratio of 10.0. From Dupla et al. (2005).  
 
In Figure 2 the distance from the grout inlet is plotted on the y-axis versus the compressive 
strength on the x-axis (Dupla et al. 2005). The compressive strength of the grouted sand can 
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be seen as an indicator of the amount of deposited cement at the specific penetration length. 
The ratio between the fictious aperture and the largest grains were 2.5 and 5 for the two 
cements, respectively. The curve to the right has a maximum grain size of 12 μm and the w/c-
ratio was 5.0. As the compressive strength of the grouted column decreases with the distance 
from the grouting inlet, this would mean that a filtration of the grout occurs. The other two 
curves also have a decrease in strength from the grouting inlet; however it is not as obvious. 
The explanation for the results can be: 
− At a maximum grain size of 12 μm and a w/c-ratio of 5 (the right curve) is a more 
obvious filtration occurring compared to the same grout with a w/c-ratio of 10.0 (left 
curve). This would indicate that at a w/c-ratio of 10.0 is the cement grains more 
diluted and have a better penetration. In the beginning of the column there is some 
filtration but from around 30 cm from the grout inlet the grains are deposits in the 
sand rather uniformly. 
− The strength (the amount of deposited cement grains) is less for the cement with a 
maximum grain size of 6 μm (middle curve) compared to the cement with 12 μm, for 
the same w/c-ratio. This could either be due to an initial filtration depending on that 
the small grains are clogging or if the mixing has been really good the reason can be 
that no larger deposition occurs and the cement passes through the column. 
− It can also be concluded that a higher w/c-ratio results in a lower strength of the 
grouted sand. This seems reasonable since a smaller amount of cement is injected 
within the same volume of grout. 
 
In Dupla et al. (2004) experiments were conducted with a cementitious grout with a maximum 
grain size of 100 μm. The w/c-ratio was 2.5 and the grout was mixed with 4% bentonite and 
1% superplastisiser. In the experiments three different sands were grouted, the properties of 
the sands are listed in Table 1. The fictious width has been calculated as 0.15⋅D50. 
 
Table 1. Properties for the three sands that were used in the experiment performed by Dupla 










Sand G2 0.75 0.99 1.3 150 1.5 31 
Sand G3 0.95 1.5 1.6 225 2.3 40 
Sand G4 1.1 1.8 1.6 270 2.7 46 
  
In Figure 3 the results from experiments preformed by Dupla et al. (2004) are presented as the 
compressive strength at different lengths from the inlet for three different sands grouted with 
the same grout. It can be seen that a filtration occurs in the sand named G2 since the strength 
is higher near the inlet. The ratio between the fictious width and the grout was in this case 1.5. 
In the other two sands no clear filtration is observed. The ratio in these sands between the 
fictiuos width and the maximum grain size of the grouts were 2.3 and 2.7, respectively. This 
would imply that the ratio of 1.5 between the fictious width and the maximum grain size is 
not enough to avoid some filtration but the grains that do not clog are available to continue the 
penetration. However, these grains seal some of pathways and increase the strength of the 
sand through the whole column. 
  7
 
Figure 3. The compressive strength at different lengths from the grout inlet in three different 
sands grouted with a grout with maximum grain size of 100 μm and a w/c-ratio of 2.5. After 
Dupla et al. (2004).  
 
Sanatagata and Santagata (2003) conducted sand column experiments with a microcement 
that had a maximum grain size of around 12 μm. The experiments were made with a w/c-ratio 
ranging from 1.5 to 5.0 and different amounts of superplastisiser and grouting pressure were 
used. Three different sands were used, which are described in Table 2. The fictious width has 
been calculated as 0.15⋅D50. 
 
Table 2. Properties for the three sands that were used in the experiment performed by 










Ticino 0.35 0.55 1.6 82 6.9 78 
















As can be seen in Table 2 the ratio between the sand and the grain sizes in the grout are so 
large that penetration would be possible even for low w/c-ratios. It should also be noted that 
the two last sands in Table 2 have a larger amount of fines than the first one. This is the 
explanation for that the ratio between fictious width and d100 of the grout is increasing while 
the ratio between D15 of the sand and the d85 of the grout is decreasing from the top of Table 2 
and down. 
   
In Figure 4 the results of some of the experiments made by Sanatgata and Santagata (2003) 
are presented as the penetration length of different w/c-ratios in the different sands. In the 
Ticino sand a quite linear relationship is obtained between w/c-ratio and penetrability. But for 
the other two sands no increases in penetrability are shown for experiments over a w/c-ratio of 
around 3.5. The authors explain this phenomenon as a separation of the cement and the water. 
It can also be considered as a plugging of the flow paths with cement grains. There was no 
compression test or other evaluation done of the amount of cement that was plugged so the 
sealing efficiency is difficult to estimate. The explanation of why this does not occur in all 
three sands could be that the two sand where it does occur have larger amount of fines.   
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Figure 4. The penetration length for different w/c-ratios in three sands. After Sanatagata and 
Sanatagata (2003). 
 
Zebovitz et al. (1989) made experiments with a grout that had a maximum grain size of 
15 μm. Three different w/c-ratios were used, w/c-ratio of 2, 4 and 6. The grouts were injected 
into sand columns where three different sands were used. In Table 3 the properties of the 
sands are presented, with use of the assumption that the fictious width is calculated with 
0.15⋅D50.  
 
Table 3. Properties for the three sands that were used in the experiment performed by 















0.17 0.23 1.4 38 2.5 28 1.8⋅10-4 
Torpedo I 0.22 0.45 2.0 68 4.5 37 2.3⋅10-4 
Torpedo II 0.43 1.4 3.3 180 12.0 72 1.9⋅10-4 
 
In Figure 5 the results from the experiments made by Zebovitz et al. (1989) are presented as 
permeability (diagram a, c and e) and the compressive strength (diagram b, d and f) at 
different distances from the injection point. It can be noticed that the compressive strength for 
a w/c-ratio of 2 decreases with increased distance from the injection point as well as the 
permeability increases from the injection point. This is not so obvious for the w/c-ratios of 4 
and 6. This would indicate that the filtration of cement is more efficient for a w/c-ratio of 2. 
At a w/c-ratio of 6 there is almost no difference in the compressive strength while for a w/c-
ratio of 2 a large difference can be noticed between near the inlet and near the outlet of the 
column. The authors could not identify any apparent reason explaining that the compressive 
strength is higher for the second measured value compared to the first measured value at a 
couple of measuring series. To conclude the findings in the experiments: 
− At a w/c-ratio of 2 there is an obvious decrease in permeability obtained through the 
whole sand column in all experiments. Some filtration occurs and more cement 
grains deposits near the grout inlet. 
− At a w/c-ratio of 6 the effect on the permeability is low. However, in the sand with 
the narrowest fictious width the effect is most obvious. This would indicate that the 
grains are more likely to settle in smaller pathways than in larger. 
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− For the experiments with a w/c-ratio of 4 the effect is similar to the results for the 
experiments done with a w/c-ratio of 6. In the sand with the narrowest fictious width 
the sealing efficiency is most obvious.   
Figure 5. The permeability and the compressive strength for three different sands grouted 
with the same cement but with different w/c-ratios. After Zebovitz et al. (1989).   
3.3 Conclusions regarding the literature survey 
In order to achieve a penetration of a particle suspension such as cementitious grouts, several 
authors seems to come to the conclusion that the maximum particle size of the suspension has 
to be maximum one-third of the aperture. Otherwise is it likely that plugging occurs and the 
suspension will be filtrated. The experiments that have been studied in the literature survey 
show that it is possible to penetrate finer widths with higher w/c-ratios. However, it seems 
like some filtration occurs during the penetration and most cement grains are stopped closer to 
the grouting inlet. The cement grains that are not filtered near the inlet can however continue 
the penetration further and stop at longer distances from the grouting inlet. The effect of the 
deposition of cement grains in the sand have been measured as an increase in the sand 
strength in most of the experiments. Most experiments show that a filtration effect occurs and 
the largest strengths of the sands are near the grout inlet. The filtration effect is often shown to 
decrease as the w/c-ratio increases. The effect of using finer maximum grain size of the 
cement seems to result in a lower strength of the sand. This can depend on a better penetration 
but also it can be a matter of initial clogging of the cement grains if a proper grout mixing is 
not done. In the only experiment that also has evaluated the permeability, it seems as the 
permeability is reduced for a w/c-ratio of 2. However, as the w/c-ratio is increased, the effect 
is more limited but in the sand with the narrowest fictious width there is also a reduction in 
permeability for a w/c-ratio of 6.  
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4 Theory behind filtration 
In the literature study a number of experiments have shown that a filtration process occurs as 
the w/c-ratio increases. This part is done in order to do a theoretical explanation of the 
filtration process as the cement particles plug the path between the sand grains. The 
penetration of small grains through larger grains in something that has been investigated in 
the design of sand filters for wells. According to Andersson et al. (1984), the ratio should be 
in the range of 2.4-6.5 between the gravel pack and the formation. This is based on the 
theoretical consideration of the packing of spherical grains. By using geometrical 
relationships, the ratio between the grains that just will pass through the different extreme 
degrees of packing can be determined, see Figure 6. 
 
 
Figure 6: The largest grain that can pass through a pore system. To the left, dense packed 
grains and to the right loose packed material. The hypotenuses of the small triangles are in 
both cases R+r, where R is radius of the large grains and r is the radius of the small grains. 
 
In Figure 6 a triangle is sketched in both figures in which the hypotenuse is R+r, where R is 
the radius of the large grain and r is the radius of the small grain. For the dense packed 
material the filter grains can be seen as a triangle that allows the passing grain through in the 
middle. The sketched triangle to the left figure in Figure 6 will have the angles of 30, 60 and 





2= .      Eq. (3)  
 
This means that there are two expressions for the hypotenuse and these can be combined: 
RrR
3
2=+  .    Eq. (4) 










R .    Eq. (5) 
For the loose packed material to the right in Figure 6, the triangle will have angles of 45, 45 









Rh 2= .      Eq. (6) 
 
As stated above, there are now two expressions for the hypotenuse that can be put together: 
 
RrRh 2=+= .     Eq. (7) 
 





R .     Eq. (8) 
 
Hence, in Equation 5 and 8 are the ratios for the densest and loosest packing that can occur of 
well-graded spherical sand grains.  
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5 Laboratory experiments in sand column 
In order to corroborate the findings presented in the literature survey, laboratory experiments 
were performed. The experiments were done in a water saturated sand column that was 
grouted with a Bingham fluid. The height of the column was 1 meter and the sand was filled 
up to a height of 0.9 meters. The diameter of the column was 9.9 centimetres. In the top and 
the bottom of the column were filters placed. The sand column was water saturated with de-
aired water that was filled from the bottom. Both the conductivity measurements and the 
grouting were performed from the top of the column. In order to determine the penetrability 
and sealing mechanism, different water saturated sands were grouted by a Bingham fluid with 
different w/s-ratios (water/solid-ratios). 
5.1 Method 
The methodology of the sand column is described in detail by Funehag (2005). Briefly, the 
set-up consists of three containers; a grout container, a sand column and a water column. 
Every test followed the same methodology, which were done in the following order: 
1. Filling of sand in a column 
2. Weighting of column 
3. Water saturation of the column with de-aired water 
4. Weighting of column 
5. Hydraulic conductivity measurement of the sand. By measuring the water flow 
through the column and the pressure distribution along the column at constant water 
pressure, the hydraulic conductivity is determined. 
6. Grouting of the sand from pressurised grouting tank. The penetration is measured in a 
water tank after the sand column and as the grout take in the grout tank. Grouting is 
conducted with 2.6 bars over pressure.  
 
The experimental set-up of the sand column is presented in Figure 7.  
 


























5.2 Grouting material 
The grouting was done with Myanit, a crushed dolomite that previously has been 
characterised as a Bingham fluid (Axelsson, 2006). The grout has a d95 of 16 μm and a d85 of 
10 μm, see Figure 8 (Omya AB, Glanshammar). Myanit is an inert material, which means that 
it will not harden with time. 
 
Figure 8. Grain distribution curve for Myanit 0-20 (Omya AB, Glanshammar). 
 
In the experiment were different ratios between the weight of water and Myanit used. This 
ratio is referred to as water/solid-ratio (w/s-ratio). 
5.3 Sand material 
For the experiments, sand with three different grain distributions were used, see Table 4. The 
sands denoted B 20 and B 70 were supplied directly from the manufacture, Baskarpssand AB 
while C 40 B was blended on Chalmers to obtain the desired grain distribution. In 
Appendix A are the distribution curves presented.   
 
Table 4. Properties of the three different sands that were used in the experiments. The sands 








The porosity of the sands was determined by two different methods. One method calculated 
the porosity by comparing the volume of sand in the column with the volume of compact sand 
(termed n1). The other method compared the volume of water in the column and the volume 
of sand (termed n2). This was done by first measuring the weight of sand in the column and 










B 20 0.12 0.13 0.18 0.19 1.5 1.4 
B 70 0.30 0.32 0.56 0.66 2.2 1.8 




























5.3.2 Specific surface 
The specific surface can be determined either from the grain distribution curve or from 
hydraulic measurements of the sand (Gustafson 1983). The traditional method to determine 
the specific surface from grain distribution curves is to calculate the specific surface for each 
sieving fraction according to Equation 9. The term α is considering the shape of the grains and 






























 Eq. (9) 
 
However, in Appendix B is a simplified expression developed to determine the specific 
surface from the grain distribution curve. The expression only considers D60 and D10 of the 
grain distribution curve, see Equation 10.  
 
)ln21.0ln84.0(ln 2106 UUDeS ++−=     Eq. (10) 
 





DU = .      Eq. (11). 
 
It is also possible to determine the specific surface from the hydraulic conductivity 
measurements that are conducted in the sands. The advantage of this method is that it is 
considering the porosity and the permeability of the sand, which can differ depending on the 
packing of the sand. This is not considered in the methods from the grain distributions curve. 
Roughly, it can be stated that the specific surface from the hydraulic measurements are 
considering the available specific surface whereas the specific surface from the grain 
distribution curve yields the theoretical surface. In Equation 12 the relationship for the 
specific surface determined from hydraulic measurements is presented. The equation is a 







3 ⋅−=−     Eq. (12) 
 
5.3.3 Aperture 
The penetrability for a Newtonian fluid such as water and a suspension such as a Bingham 
fluid differs. As stated above, the grains in the suspension cannot enter all of the space that a 
Newtonian fluid can. This also means that the available space in the sand column that can be 
filled with water is not the same as the space that can be filled with the grout. Consequently, 
the measured porosity and permeability, which is done with water, is not a representative 
measurement for the available volume for a suspension grout, see Figure 9. The shaded area 
to right in the figure represents the area available for a suspension (Bingham fluid) whereas 





Figure 9. The available area between sand grains for a Newtonian fluid (e.g. water) and a 
Bingham fluid (suspension). The shaded area in the figure on the right side is the available 
area for the Bingham fluid. 
 
Since the penetrability and penetration length is depending on the aperture or the available 
area between the grains it is important to determine an aperture through the sands. It is then 
important to distinguish which available area the different methods for determining the 
aperture through the sand are refereeing to.  
 
The only available method to determine the aperture, or a fictious width bfic, before any 
measurements in the sand is conducted was developed by Bergman (1970), see Equation 13. 
The equation is developed by dividing the total volume with half the surface of the sand 
grains and it is valid for spherical unsorted grains.  
 
bfic = 5015.0 D⋅      Eq. (13). 
 
Since this equation is developed by considering the total available volume between the grains 
it can be considered as a model for determining the available aperture for a Newtonian fluid.  
 
By weighting the sand before and after water filling and then conducting hydraulic 
measurement in the sand, the porosity and the intrinsic permeability can be determined. 
According to Funehag (2005), the aperture in sand can then be calculated, either by using 
Kozeny-Carmans equation, see Equation 14 or by using the hydraulic aperture, Equation 15. 
The term C3 in Equation 14 is generally set to 0.2 (Åhlen 1993). The hydraulic aperture is 
developed for a Newtonian fluid, comparing the permeability in a slit and in sand. This means 
that both equations describe the available aperture for a Newtonian fluid. 
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⋅= 12      Eq. (15) 
 
In Appendix B a derivation is presented that yields the equivalent fracture aperture, beqv 
according to Equation 16. This expression is developed for a Bingham fluid and hence it is 
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π .    Eq. (16) 
 
As stated earlier, the penetrability of a Newtonian fluid is in the range of 3-5 times better than 
for a Bingham fluid, such as suspensions. This means that beqv should be in the range of 3-5 
times larger than the apertures developed for Newtonian fluids (bK-C and bhyd).   
 
The rule of thumb for soil grouting, stated earlier, describes the possibility of penetration and 
hence is a measurement connected to the characteristic of the grout. For a suspension, this 
implies that it is considering the available area for the Bingham fluid, see Figure 9. However, 
the rule of thumb for the rock is based on measurement of the hydraulic aperture, which 
considering the whole area in Figure 9 and hence the availability of a Newtonian fluid. In 
Table 5 the parameters for determine the aperture and the rules of thumb for grouting are 
summarised. The parameters assume that grouting will be performed by a suspension 
(Bingham fluid).  
 
Table 5. Summary of the different parameters for determining the penetrability from available 
space considering grouting with a suspension (Bingham fluid) and hydraulic measurement 
with water (Newtonian fluid). 
 















In Table 6, the characteristics of the different sands that were determined on the basis of the 
sand and grout distribution curves are presented. In order to compare the ratios a d95 of 16 μm 
for the grout has been used and to calculate the rock fracture ratio has the fictious aperture 
(bfic) been used.  
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Table 6. The widths in the three different sands and the rule of thumbs for soil and rock 
grouting assuming a grout with d95 of 16 μm. The rock fracture rule of thumb is calculated by 







B 20 27 13 1.7 
B 70 84 32 5.3 
C 40 B 51 16 3.2 
5.4 Hypothesis 
The penetrability and sealing mechanism is evaluated by using sand material with different 
apertures between the grains and the same grout but with different w/s-ratios. The properties 
of the sand are described by the relationships stated above and the properties of the grout are 
related to the grain distribution curve. Hence, the hypothesis is that the penetration will stop 
due to three different processes: 
– The grout does not penetrate. This is due to that the suspension grains are larger than 
one-third of the aperture between the grains. 
– The suspension grains penetrate more or less “one by one” and successively block the 
pathways. This occurs in suspension mixtures with high w/s-ratios.  
– The grout penetrates and stops due to that the acting grout pressure does not exceed 
the resisting force in the material.  
 
In order to test these hypotheses, four different experiments were set-up. 
1. Using sand B 20 and the grout was mixed with a w/s-ratio of 3.0. As seen in Table 5, 
this should imply that no penetration is expected due to the narrow passages between 
the sand grains (soil grouting ratio of 13 and rock grouting ratio of 1.7). 
2. Using sand C 40 M and w/s-ratio of 1.0. According to Table 5 this would be close to 
the limit for what is possible to penetrate. The soil grouting ratio (16) is less than what 
is considered as groutable whereas the rock grouting ratio is close to the limit (3.2). 
3. Using sand C 40 M but with a w/s-ratio of 3.0 instead. The hypothesis is that single 
grout particles are able to penetrate the sand but not the entire grout suspension. 
4. Using sand B 70 and a w/s-ratio of 1.0. Both the soil grouting ratio and the rock 
grouting ratio indicates that the grout will be able to penetrate this sand as a 
suspension. Stoppage should occur due to the friction towards the sand grains. 
 





bpI ⋅Δ=    Eq. (17) 
 
The grouting time was set to 30 min. This implies that the grout would penetrate through the 
whole column for the B 70 sand. By using the analytic solution to the penetration developed 
by Gustafson and Claesson (2006) it was shown that it only should take 4-5 minutes to 
penetrate the whole column in the B 70 sand. However, in order to have sufficient grouting 
time to be able to see the processes that was expected and since the same grouting time was 
desired for all experiments in order to have similar test conditions, a grouting time of 30 




To determine the penetration of the grout, three different measurements were conducted: 
− The increase of water in the water tank after the sand column. 
− The decrease of grout in the grout column. 
− Visual measurement during emptying of the sand from the column. It was not 
possible to detect absolute limits of the penetration but it was possible to see a 
gradual decrease of grout in the sand.   
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6 Results 
In this chapter the evaluation of the sand properties and the measured penetration in the sand 
column are presented. 
6.1 Porosity 
In order to compare the result of the different measuring methods of the porosity, the result 
from both measuring procedures is presented in Table 7. The term n1 is refereed to the 
method of comparing the volume of sand in the column with the volume of compact sand and 
n2 compares the volume of water in the column and the volume of sand. 
 
Table 7. Measured porosity for the tests by the two different methods. 
 n1 [%] n2 [%] 
B 20 40.0 44.7 
C 40 B, test 1 30.3 27.0 
C 40 B, test 2 31.2 28.7 
B 70 36.8 32.2 
6.2 Specific surface 
The specific surface was evaluated by three different methods according to Equation 9,10 and 
12, see Table 8. Equation 9 considers the specific surface at each sieve, named Ss. In 
Appendix B is a simplified expression developed that only considers D60 and D10 of the sand, 
this parameter is just named S. The expression in Equation 12, SK-C is from Kozeny-Carman’s 
equation and is determined after measurements of the porosity and the intrinsic permeability.  
 
Table 8. The specific surface for the sands evaluated by three different methods. S is 








6.3 Hydraulic conductivity 
The hydraulic conductivity was measured with piezometers along the sand column and the 
flow through the column at a fixed pressure. In Table 9 the measured values are presented for 
each test at three sections in the sand column. 
 
Table 9. Hydraulic conductivity for each test measured at three sections in the sand column. 
 B 20 C 40 B, test 1 C 40 B, test 2 B 70 
Top [m/s] 1.1x10-4 9.4x10-5 1.1x10-4 5.6x10-4 
Middle [m/s] 1.1x10-4 9.9x10-5 1.2x10-4 5.6x10-4 
Bottom [m/s] 1.1x10-4 1.0x10-4 1.3x10-4 5.5x10-4 
     
Average [m/s] 1.1x10-4 9.9x10-5 1.2x10-4 5.5x10-4 
 









B 20 31720 35114 65000 
B 70   9050 11780 19000 
C 40 B 12820 22115 30000 
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6.4 Penetration 
The penetration of the grout was measured by measuring the rise of water in the opposite 
column in all four experiments. Notable was that for the first three tests no complete stop 
occurred of the water rise and for the fourth test in the B 70 sand, the grout tank was emptied 
after only 3 minutes. However, after this time the grout had penetrated approximately over 
70 cm. The results are presented in Figure 10. All experiments were performed with a 
grouting pressure of 2.6 bars. 
 
 
Figure 10. The penetration of the grout in the tests measured as a rise of water in the water 
column. 




















B 20 b/d=1.7, w/s=3.0
C 40 M b/d=3.2, w/s=1.0
C 40 M b/d=3.2, w/s=3.0




The porosity was determined by two different methods, either by comparing the volume of 
sand in the column with the volume of compact sand or by comparing the volume of water in 
the column and the volume of sand. As can be seen in Table 7, the difference between the 
methods is in the range of 10% and this is probably an indication of measuring accuracy of 
the porosity.  
7.2 Specific surface 
The specific surface was determined by three different methods according to Table 8. The 
simplified method developed in Appendix B that determines the specific surface from the D60 
and the D10 of the sand seems to yield reasonable values for B 20 and B 70 sands. The 
difference is in the range of 10-15%. For the C 40 B sand the values are differing more, 
around 40%. This could be explained by the fact that the latter sand has a wider grain 
distribution curve and the error of simplifying the curve with just two points is increasing. 
The specific surface determined by the Kozeny-Carman equation, SK-C is generally almost 
twice as large compared to the other methods. This emphasis the difficulties of determining 
the specific surface of a material but it should also be noted that the method of using Kozeny-
Carman is evaluating the porosity of the sand in cubic, which means that this parameter is 
very sensitive. It should also be noted that SK-C is based on hydraulic measurement whereas 
the other methods are based on the grain size distribution curve. 
7.3 Hydraulic conductivity 
By studying Table 9, it can be noticed that the hydraulic conductivity does not differ 
particularly through the length of the sand column. Since the weight of the overburden sand 
could imply denser sand in the bottom compared to the upper part of column, it could be 
expected that the hydraulic conductivity would be lower at the bottom. However, observations 
showed that the upper centimetres were more permeable and some penetration into this area 
occurred in all tests. 
 
The hydraulic conductivity was similar in the first three tests although the theoretical width 
should be larger for C 40 B. However, the porosity was much lower in C 40 B compared with 
C 20, which could indicate that the more unsorted C 40 B sand implied denser sand. This also 
means that the equation for fictious width is more uncertain since it is just based on one value 
on the grain distribution curve, the D50 of the sand.  
7.4 Penetration 
Since grouting was performed with suspension grout, it could be expected that a grout plug or 
filter cake is formed. As can be seen in Figure 10, all the penetration curves are bending after 
some time. This is probably a measurement of the forming of a filter cake by compaction / 
separation effects of the grout in the upper part of the sand column combined with possible 
water drainage in the lower part of the sand column. In the piezometric pipes in the sand 
column, there was no measurable pressure. This means that the whole pressure is distributed 
over the filter cake. The main part of the penetration generally occurred during the first 5-10 
minutes; see Figure 8, after which the rate of penetration successively decreases. During this 
first time, the penetration curve is rather linear. The last part of the water penetration curves 
shows a more or less constant flow and the flow is around the same magnitude in all the tests. 
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Visually it was difficult to see any further penetration after this time and hence the actual 
penetration should be determined at the bend of the penetration curve. In Appendix D an 
expression between the penetration and the time for a filter cake is developed. The expression 
shows that as a filter cake is formed, the penetration is proportional to the square of time. In 
Figure 11 the penetration are plotted against the square of time. The filled lines do all have the 
same inclination and hence describes the same process whereas the dotted lines have different 
inclinations. Since the penetration should be proportional to the square of the time but with 
different inclinations, the lines in Figure 11 indicates that there is an initial penetration 
followed by a growth of a filter and as the inclination becomes constant, there have been a 
filter cake formed stopping further penetration. It should be noted that the penetration in 




Figure 11. The penetration versus the square of the time. The dotted lines indicates the 
penetration and the filled lines, which all have the same inclination, shows the forming of a 
filter cake.  
 
Measurement of the penetration was conducted by two different methods during grouting, the 
lowering in the grout column before the sand column and the rise of water in the water 
column after the sand column. In Figure 12 the result from these two measurements are 
presented for two of the experiments. Reading of the grout level was only possible for the 
experiments performed with a w/s-ratio of 3.0. In the experiments with a w/s-ratio of 1.0 the 
grout was attaching to the measuring pipe on the grout tank and made reading impossible.  
The difference between the measuring places is limited for the B 20 sand whereas there is a 
larger difference for the C 40 B sand. In the latter case, the fact that the grout penetration 




















B 20 b/d=1.7, w/s=3.0
C 40 M b/d=3.2, w/s=1.0
C 40 M b/d=3.2, w/s=3.0
B 70 b/d=5.3, w/s=1.0
  23
exceeds the measured penetration after the sand column indicates that the grout is 
filtered/compacted in the upper part of the sand column. 
 
Figure 12. Comparison between measured penetration by measuring the water rise in the 
water column after the sand column and grout sink in the grout tank before the sand column. 
7.5 Aperture  
In order evaluate the aperture in the sands the available area depending on rheological model, 
as presented in Table 5, has to be distinguished. The evaluated apertures are presented in 
Table 10 where parameters evaluated with Newtonian fluids are to the left and Bingham 
fluids are to the right. For the parameters evaluated by Newtonian fluid the aperture is rather 
consistent but the aperture determined from the hydraulic conductivity, bhyd, is generally half 
of the fictious aperture, bfic, and the aperture determined from the equation of Kozeny-
Caraman, bK-C. 
 
The method developed in Appendix B, beqv, which is describing an available area for a 
Bingham fluid, should theoretical be in the range of 3 to 5 times larger than the aperture 
determined by Newtonian fluid. Comparing the values in Table 10, especially considering bfic 
and bK-C , with the value of the equivalent aperture, the values seem to be within this range.  
 
To evaluate the apertures in Table 10 the expression for the specific surface developed in 
Appendix B have been used.   
















Grout penetration, B 20 w/s=3.0
Water penetration, B 20 w/s=3.0
Grout penetration, C 40 B w/s=3.0 
Water penetration, C 40 B w/s=3.0 
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Table 10. The widths in the three different sands and the rule of thumbs for soil and rock 
grouting assuming a grout with d95 of 16 μm. To the left are parameters determined by 














B 20 27 40 18 1.7  63 13 
B 70 84 81 45 5.3  230 32 
C 40 B 51 47 24 3.2  135 16 
7.6 Mixing 
The mixing of the grout was done manually through stirring the grout. This could imply that 
the actual grain size of the grout could be larger than calculated due to some clogging during 
mixing. This was also observed at the bottom of the mixing bucket after the grout has been 
poured into the grouting tank. 
7.7 Experiments 
The four experiments can be summarised as:  
• Experiment 1, B 20 and w/s-ratio of 3.0. The hypothesis was that grout should not be 
able to penetrate. This was principally confirmed in the experiments, although the 
penetration was a couple of centimetres and it occurred immediately after the grouting 
started. The reason for this was probably due to that the sand was less packed in the 
upper part. The measured penetration in the water column (just over 20 cm) and in the 
grout column (around 24 cm) was larger than the visual determined penetration during 
emptying of the sand. However, the linear part of the penetration curve indicates a 
penetration of 2-8 cm, which is closed to the visual determined.  
 
• Experiment 2, C 40 B and w/s-ratio of 1.0. The hypothesis was that limited penetration 
should occur. Measured penetration in the water column was around 25 cm but the 
linear part of the penetration curve was just around 12 cm. The visual examination 
indicated a penetration of around 3 cm and then a successive decrease in grout down 
to around 10 cm.  
 
• Experiment 3, C 40 B and w/s-ratio of 3.0. The hypothesis was that limited penetration 
should occur but single grains should be transported further and successively block the 
pathways. Measured penetration in the water column was 35 cm and in the grout 
column 55 cm. The linear parts of the curves indicate a penetration of 25-35 cm. 
During the emptying of the sand it was noticed that the first centimetres were clearly 
grouted, after around 10 cm it was less grout but still clearly visual and after 
approximately 30 cm there was no grout in the column.  
  
• Experiment 4, B 70 and w/s-ratio of 1.0. The hypothesis was that the grout should be 
able to penetrate this sand. Measured penetration in the water column was around 
50 cm. Visual examination showed homogenous grout penetration 40-50 cm and trace 
of grout to over 70 cm. The experiment was ended because the grout tank was 
emptied. By using the analytic solution to the penetration developed by Gustafson and 
Claesson (2006) and back calculate the length of the penetration after 3 minutes, it 
shows that around 80 cm should be grouted, see also Figure 12. 
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In Figure 13 the analytic solution to the penetration for experiment 2 and 4 (w/s-ratio of 1.0) 
is compared with the measured penetration for each experiment. It can be seen that the 
penetration in experiment 4 approximately follows the trend from the analytic solution, 
whereas the measured penetration in experiment 2 divergence from the analytic solution. The 
divergence indicates that the penetration is restrained by some other forces than the friction 
between the grout and the grains, which are the theoretical consideration behind the maximum 
penetration, see Equation 17. The same behaviour is noted for experiment 1 and 3 but since 
no characterisation of the rheological properties have been made for w/s 3.0, only a general 
consideration have been done and this is not presented in Figure 13.  
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Figure 13. Comparison between the analytic solution of penetration of a Bingham fluid 
according to Gustafson and Claesson (2006) and the measured penetration for experiment 2 
(limited penetration) and experiment 4 (penetration). 
7.8 Field application    
The most common methodology to use high wct for grouting in hard rock is by starting with a 
high w/c-ratio and then successively lowering the w/c-ratio. By applying the theories from 
this laboratory study it can be concluded that the methodology of “thicken” the grout means 
that all of the presented refusing criteria are occurring. First the diluted grout will penetrate a 
large area of the fracture plane and the cement grains successively plug the area. Then less 
and less area will be penetrated as the grout gets thicker until complete refusal occurs as the 
maximum penetration is reached or the time criteria are full-filled. As the thicker grout 
penetrates it will displace the thinner grout in the larger apertures of the fracture plane.  
 
In Figure 14 a generalised fracture plane is presented (from Lombardi 2003). The number 1 
denotes contact areas whereas the number 2 is small openings and number 3 is larger 
apertures. As grouting starts with high w/c-ratio a part of the area denoted 2 will be filled as 
well as number 3. It should be noted that the penetration of the diluted grout of course will be 
longer along the more open parts. As the grout thickens, less part of number 2 will be grouted 
and with the thickest grout penetration will only occur as channel flow within the number 3 
area. This will lead to a lowered permeability within a larger part of the fracture plane 
compared to only grout with a thick grout, which would just penetrate the larger apertures 





Figure 14. An example of a fracture plane. The number 1 denotes contact areas, number 2 




The objective of this study was to develop theory for stop mechanisms from literature survey 
and theoretical studies and then to test these in laboratory experiments. From the literature 
survey it can be concluded that the penetrability increases with higher w/c-ratios. There have 
been fewer investigations done regarding the sealing efficiency using high w/c-ratios, but 
generally it seems like the sealing efficiency increases with decreased w/c-ratio. This leads to 
the conclusion that the grouting has to be done weighting up the penetrability and the sealing 
efficiency. The penetrability is governed by the minimum aperture that can be penetrated and 
it seems like the aperture has to be 2-3 times larger than the maximum grain size of the grout, 
if a high w/c-ratio is used. Generally, grouting with lower w/c-ratio implies that the aperture 
has to be 3-5 times larger than the maximum grain in the grout.  
 
The laboratory study was conducted by using a sand column that was grouted with a Bingham 
fluid and different relationships between the pathways through the sand and the mixture of the 
grout were tested. The pathways, the aperture through the sand, were evaluated using different 
methods. It seems like the very rough method by only considering the D50 value of the sand 
gives reasonable values to assess the aperture, especially before any measurements have been 
done. Generally, the conclusions were that the penetration increased with higher water/solid-
ratios and it seems like the penetration stops due to different mechanism. In apertures that are 
too small for the grout to enter, the sealing occurs due to blocking of the entrance. At the limit 
on what is possible to penetrate, a higher w/s-ratio leads to a further penetration compared to a 
grout with lower w/s-ratio. The penetration is not occurring as a united front, rather it is a 
more dilute grout in the front, which leads to the sealing probably occurs due to single grains 
blocks the pathway. In larger aperture, the grout penetrates more united and the penetration 
stops due to equilibrium between driving forces and friction forces.  
 
In the laboratory study it was also indicated that by using the first part of the penetration 
curve, a good agreement between the measured penetration and the visually observed 
penetration in the sand was obtained. It can also bee shown that after a while a filter cake is 
formed in the upper part of the sand column and the measured penetration is due to either 
drainage of the water in the sand column below the filter cake and settlement / separation of 
the grout. Although the laboratory experiments consisted of a limited number of laboratory 
tests, the results indicate that the hypotheses presented seem generally to be validated.  
 
High w/c-ratio grouts are most commonly used in the beginning of a grouting procedure, 
which is successively changed towards a grout with lower w/c-ratio. To link the findings 
found in this laboratory study to the methodology of successively thicken the grout, a 
theoretical reasoning can be made. The diluted grout will penetrate a larger area of the 
fracture plane and successively plug the constrictions. The thicker grout will then penetrate 
the larger openings and the combined effect will lead to decreased permeability, which 
implies that this method can be successful. In an overall conclusion it has to be stated that 
grouting solely with high w/c-ratios result in a grout with higher porosity and less strength 
than a grout with lower w/c-ratio. This can reduce the possibility of the grout to withstand 
mechanical forces and it can also affect the durability of the grout. A practical issue of using 
high w/c-ratios is also that a proper mixing is of great importance, especially when dealing 
with microcements. This in order to get a good mixture and separation of the cement grains 
which avoids clogging of the particles and hence decrease the penetrability.  
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Expression of the maximum penetration for a Bingham fluid in a sand column 
 
To establish an expression of the maximum penetration of a Bingham fluid in a porous 
media such as a sand column it is most convenient to start by observing one grain, see 
figure 1. At the time when the maximum penetration is obtained the shear force, τ that is 
acting on the surface of the grain is equal to the yield shear strength of the Bingham fluid. 




















      
Figure 2: Schematic figure of the rheology of a Bingham fluid. 
 
An implication of Bingham fluid as a rheological model is that as the grout penetration 
stops, the shear force on the grains are equal to the yield strength, τ0. At the finite surface 
dA where the shear force, τ, is acting the following relationship is valid: 
 
ααπ RdRdA ××= cos2  
 
Equilibrium of the forces acting at a grain with the radius R gives an expression as shown 
in equation 1. This is also illustrated in figure 1 and 3.  
 
ατααπ coscos2 0 ×=×× RdR
dP    …(1) 
 
Where: 
dA = Surface area of a small circle segment 
dP = Resultant force acting on dA 
R= Grain radius 
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dα = Angle defining the grain segmentship 
 τ = Shear stress at the grain surface. At maximum penetration τ is equal to τ0.  
 
In these expressions 2πR is the circumference of the grain and Rdα is the arc length of the 









Figure 3: To the left an enlarged drawing of the circle sector from figure 1 and to the 
right a force diagram.   
 
 
The expression in equation (1) can be developed to: 
αατπ dRdP 202 cos2 ××=     
 











αατπ dRP  …(2) 
 













ατπ     
 















2 ππππτπRP     
 
This will lead to the following expression for the acting pressure: 
4
22 0
2 πτπ ××=Δ RP              022 τπ ×=Δ RP    
 
The area of a sphere (grain) can be described as 4πR2, which gives the expression: 
 
gAP ××=Δ 4
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In the sand however there are more than one grain and if the acting pressure on all the 
grains are summarized it should be equal to the acting pressure over the whole area when 




×=⇒×=Δ×    …(4) 
Where: 
m = The number of grains 
ΔP = Pressure acting at one grain 
A = Area of which the grouting is applied, for example the sand column 
pg = Acting grout pressure 
 
The grouted zone in a column can be expressed as:  
( ) ( )
g
g V
nIAmnIAVm −××=⇒−××=× 11 maxmax    …(5) 
Where: 
Vg = Grouted volume  
Imax = Grouted length of the column 
n = Porosity of the sand 
 



















g =    …(7) 
 









max πτ  …(8) 
 
This is the final expression for the penetration length of a Bingham fluid in a sand 
column. This means that the penetration of a Bingham fluid are dependent on the acting 
grout pressure, pg, the porosity of the sand, n, the specific surface of the sand and the 
yield shear strength of the Bingham fluid, τ0. This expression can be compared with the 






max 2τ  …(10) 
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The expression for maximum penetration in a sand column can be written in a similar 




I g −×= 1
8
2 0
max πτ   …(11) 
 
This means that the equivalent aperture is determined as: 
 
( )Snbeqv −= 1
8
π  …(12) 




The specific surface is defined as the surface of a particle divided with the volume of the 
particle, se equation (7). The specific surface can be determined from on one hand the 
Kozeny-Carman equation and on the other hand from sieving the material. The Kozeny-







=  …(13) 
 
k= Specific permeability 
n= Porosity 
c= Constant that depends on the geometric shape of the flow path and the tortuosity 
SK-C= Specific surface  
  
As can be seen in equation 13 the porosity and the specific permeability of the material 
have to be known to determine the specific surface from the Kozeny-Carman equation.  
 
The advantages of determine the specific surface from a grain distribution curve 
compared with the Kozeny-Carman equation is that it is difficult to determine the 
available surface for the flow. A comparison between the different procedures done by 
Fransson and Nordén (1996) shows that the specific surface calculated from the Kozeny-
Carman equation is in the range of 1,0-1,5 times larger than specific surface developed 

















Figure 4: Schematic figure showing a grain distribution curve with the grain size on the 
x-axis and the distribution on the y-axis. On the curve the distribution of a finite fraction 
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To determine an expression of the specific surface from a grain distribution curve let’s 
start with a schematic curve as shown in figure 4. The weight of the of the fraction, dM, 
that is marked in the figure can be written as: 
 
dddfMdM )(×=  …(14) 
 
dM= Mass of a fraction 
M= Total mass of the sample 
f(d)dd= Amount of the grain size dd  
 
The volume of the fraction can be determined by: 
 
ρ
dMdV =  …(15) 
dV=Volume of the fraction 
ρ= Density of the material 
 
If the assumption is made that the grains are spherical, the number of grains in the 

















×=×=  …(16) 
dN= Number of grains in the fraction 
Vg= Volume of a spherical grain 
d= Diameter of a grain  
 
The surface of the grains within the fraction can then be expressed by using the 












π  …(17) 
dA= Surface of the grains in the fraction 
 
From this it’s now possible to develop an expression for the surface for the whole sample 








MA ρ  …(18) 
A= Surface of the grains in the whole sample 
 
But using the expression in equation 7 further developments can be done of this 
expression; the specific surface is defined as the surface divided by the volume. 
 
















S  …(19) 
 
This means that the specific surface can be defined by the integral in equation 18 that 
only depends on the grain distribution curve. Notice that this expression is developed for 
spherical grains. For a very steep grain distribution curve, well-graded material, the 
derivate will become 1 and the specific surface can be expressed as: 
 
d
S 6=    
 
In many cases the grain distribution curve can be assumed as lognormal distributed 
(Gustafson 1983). This means that Φ=ln d and the expected value μΦ= μ and the standard 
deviation σΦ=σ. The standardized normal variate N [0,1] is expressed as:  
 
σ
μ−Φ=t  …(20) 
 
t= Standardized variable for N [0,1] 
Φ= Normal variate 
μ= Expected value 
σ= Standard deviation 
 
Figure 5: Schematic drawing of a grain distribution curve with the 10 respectively 60 % 
passing grain sizes marked in the figure. 
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In order to describe the grain distribution curve the value of D60 and D10 (60% and 10% 
respectively of the material has passed the sieve) are commonly used in engineering 
characteration of grain curves. 
 
With the statements above and the fact that d10= F(t)= 0,1 and d60=F(t)=0,6 will give a 
value of the distribution function that can be received from a statistic table (Råde and 
Westergren, 1998). For F(t)=0,1; t=-1,28 and for F(t)=0,6; t=0,25. With this the following 
system of equations can be written: 
 
μσ −=− 10ln28,1 d  …(21) 
μσ −= 60ln25,0 d  …(22) 
 



















dμ  …(24) 
 






U =  …(25) 
 
Now the expected value and the standard deviation can be described as: 
 
53,1
lnU−=σ  …(26)   
 
Ud ln84,0ln 10 +=μ  ...(27) 
 














The term xh is the harmonic mean. In a continuous function the harmonic mean can be 
written as:  
 








)(1  …(29) 
 




2σμ−= exh …(30) 
 
If the harmonic mean for the grain diameter is expressed according to equation 30 an 















If this expression is combined with equation 26 and 27 the specific surface can be 































S  …(32) 
 
This can be rewritten in a more convenient way according to equation 31. 
 
)ln21,0ln84,0(ln 2106 UUdeS ++−=  …(33) 
 
This means that there is an expression for a lognormal distributed grain curve that only 
depends on the value of d60 and d10 to determine the specific surface. To be noted is when 
the material is very well-graded and hence a value of U=1 and d10=d60=d will give: 
d
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Innerdiameter of column 0,099 m
Length of packed sand 0,9 m
Volume of sand= 0,00692792 m^3 6,93 dm^3
Crosssection area of column 0,00769769 m^2
Weight of column 13,98 kg
Room temperature 22 °C







Weight before saturation 25,00
Weight after saturation 28,10
Weight of water 3,0998
Density
Density, water (8°C) 1,001 kg/dm^3
Weight of sand 11,02 kg Kvartssand 4,158490566 dm3
Density of sand 1,59 kg/dm^3 2,65
Porositet= 0,399748933






Measure Volume [ml] Time [s] Q [m^3/s]
1 70 60 1,16667E-06
2 70 60 1,16667E-06
3 70 60 1,16667E-06
4 65 60 1,08333E-06
5 64 60 1,06667E-06
6 64 60 1,06667E-06
Pressure, h
Measure dh (1-2) dh (1-3) dh (2-3) dl (1-2) dl (1-3) dl (2-3) i (1-2) i (1-3) i (2-3)
1 0,267 0,533 0,264 0,2 0,4 0,2 1,335 1,33 1,32
2 0,268 0,534 0,266 0,2 0,4 0,2 1,34 1,34 1,33
3 0,267 0,553 0,289 0,2 0,4 0,2 1,335 1,38 1,445
4 0,245 0,515 0,27 0,2 0,4 0,2 1,225 1,29 1,35
5 0,239 0,497 0,26 0,2 0,4 0,2 1,195 1,24 1,3
6 0,239 0,496 0,261 0,2 0,4 0,2 1,195 1,24 1,305
Hydraulic conductivity, K [m/s] Permeabilitet, k [m^2]
K=Q/A*i 1,24536E-11
Measure i (1-2) i (1-3) i (2-3)
1 1,14E-04 1,14E-04 1,15E-04
2 1,13E-04 1,14E-04 1,14E-04
3 1,14E-04 1,10E-04 1,05E-04
4 1,15E-04 1,09E-04 1,04E-04
5 1,16E-04 1,12E-04 1,07E-04
6 1,16E-04 1,12E-04 1,06E-04





Pressure 2,6 bar 26,47 mvp
I=Vl/n
Time intervalTime Height Volyms Length Penetration Flow, Q [m^3/s] Q/dh
0 0 101,3 0 0,000
60 60 102,7 1,4 0,035 1,80E-04 6,79E-06
60 120 103,6 2,3 0,058 1,15E-04 4,36E-06
60 180 103,8 2,5 0,063 2,57E-05 9,69E-07
60 240 104,3 3 0,075 6,41E-05 2,42E-06
60 300 104,6 3,3 0,083 3,85E-05 1,45E-06
120 420 104,9 3,6 0,090 1,92E-05 7,27E-07
180 600 105,5 4,2 0,105 2,57E-05 9,69E-07
180 780 106 4,7 0,118 2,14E-05 8,08E-07
120 900 106,3 5 0,125 1,92E-05 7,27E-07
420 1320 107,1 5,8 0,145 1,47E-05 5,54E-07
180 1500 107,4 6,1 0,153 1,28E-05 4,85E-07
180 1680 107,8 6,5 0,163 1,71E-05 6,46E-07
120 1800 107,9 6,6 0,165 6,41E-06 2,42E-07
360 2160 108,4 7,1 0,178 1,07E-05 4,04E-07
300 2460 108,7 7,4 0,185 7,70E-06 2,91E-07
840 3300 109,6 8,3 0,208 8,25E-06 3,12E-07


















































Trial 1; 2,6 mvp
Appendix C 2/8
b [mm]= 109 µm bhydn1= 19 bK-C n1= 33 µm beqv (n1)= 80 µm S (n1)= 53 360 m-1
bhyd n2= 18 bK-C n2= 40 µm beqv (n2)= 67 µm S (n2)= 68 641 m-1
Grout column
Pressure 2,6 bar 26,47
I=Vl/n
Time intervalTime Height Volyms Length Grou volume Penetration
0 0 74 0 0,00
60 60 74,6 0,6 0,007481389 0,02
60 120 74,7 0,7 0,008728287 0,02
60 180 75 1 0,012468981 0,03
60 240 75,2 1,2 0,014962777 0,03
60 300 75,4 1,4 0,017456574 0,04
120 420 75,7 1,7 0,021197268 0,04
180 600 76,4 2,4 0,029925555 0,06
180 780 77 3 0,037406944 0,08
120 900 77,2 3,2 0,03990074 0,08
420 1320 78,4 4,4 0,054863517 0,11
180 1500 78,9 4,9 0,061098008 0,12
180 1680 79,3 5,3 0,066085601 0,13
120 1800 79,6 5,6 0,069826295 0,14
360 2160 80,5 6,5 0,081048378 0,16
300 2460 81,2 7,2 0,089776665 0,18
840 3300 83,1 9,1 0,113467729 0,23
























































Sancolumn tests Experiment 2
Penetration of water
Baskarpssand nr: C 40 B
Indata
Innerdiameter of column 0,099 m
Length of packed sand 0,9 m
Volume of sand= 0,0069279 m^3 6,93 dm^3
Crosssection area of column 0,0076977 m^2
Weight of column 13,82 kg
Room temperature 22 °C
17,2







Weight before saturation 26,62
Weight after saturation 28,5
1,87
Density
Density, water (8°C) 1,001 kg/dm^3
Weight of sand 12,8 kg Kvartssand 4,830188679 dm3
Density of sand 1,85 kg/dm^3 2,65
Porositet= 0,302793679






Measure Volume [ml] Time [s] Q [m^3/s]
1 67,5 60 0,000001125
2 68 60 1,13333E-06
3 68 60 1,13333E-06
Pressure, h
Measure dh (1-2) dh (1-3) dh (2-3) dl (1-2) dl (1-3) dl (2-3) i (1-2) i (1-3) i (2-3)
1 0,316 0,591 0,285 0,2 0,4 0,2 1,58 1,48 1,425
2 0,313 0,597 0,285 0,2 0,4 0,2 1,565 1,49 1,425
3 0,312 0,595 0,282 0,2 0,4 0,2 1,56 1,49 1,41
Hydraulic conductivity, K [m/s] Permeabilitet, k [m^2]
K=Q/A*i 1,10097E-11
Measure i (1-2) i (1-3) i (2-3)
1 9,25E-05 9,89E-05 1,03E-04
2 9,41E-05 9,86E-05 1,03E-04
3 9,44E-05 9,90E-05 1,04E-04




Trial 1 vct: 1,0
Pressure 2,6 bar 26,47 mvp
I=Vl/n
Time interval Time Height Volyms Length Penetration Flow, Q [m^3/s] Q/dh
0 0 103,9 0 0,000
30 30 105,6 1,7 0,056 4,36E-04 1,65E-05
60 90 106 2,1 0,069 5,13E-05 1,94E-06
30 120 106,3 2,4 0,079 7,70E-05 2,91E-06
60 180 106,8 2,9 0,096 6,41E-05 2,42E-06
60 240 107,2 3,3 0,109 5,13E-05 1,94E-06
60 300 107,4 3,5 0,116 2,57E-05 9,69E-07
60 360 107,7 3,8 0,125 3,85E-05 1,45E-06
60 420 107,9 4 0,132 2,57E-05 9,69E-07
60 480 108,1 4,2 0,139 2,57E-05 9,69E-07
60 540 108,25 4,35 0,144 1,92E-05 7,27E-07
60 600 108,4 4,5 0,149 1,92E-05 7,27E-07
240 840 108,9 5 0,165 1,60E-05 6,06E-07
60 900 109 5,1 0,168 1,28E-05 4,85E-07
120 1020 109,25 5,35 0,177 1,60E-05 6,06E-07
180 1200 109,5 5,6 0,185 1,07E-05 4,04E-07
180 1380 109,8 5,9 0,195 1,28E-05 4,85E-07
120 1500 110 6,1 0,201 1,28E-05 4,85E-07
120 1620 110,1 6,2 0,205 6,41E-06 2,42E-07
180 1800 110,2 6,3 0,208 4,28E-06 1,62E-07
420 2220 110,7 6,8 0,225 9,16E-06 3,46E-07
180 2400 110,8 6,9 0,228 4,28E-06 1,62E-07
300 2700 111,05 7,15 0,236 6,41E-06 2,42E-07
300 3000 111,25 7,35 0,243 5,13E-06 1,94E-07
300 3300 111,4 7,5 0,248 3,85E-06 1,45E-07




















































Trial 1; 2,6 mvp
Appendix C 4/8
b cubic= 109 µm bhyd n1= 21 bK-C n1= 52 µm beqv (n1)= 113 µm S (n1)= 32 210 m-1
bhyd n2= 22 bK-C n2= 45 µm beqv (n2)= 135 µm S (n2)= 25 889 m-1
Grout column
Pressure 2,6 bar 26,47
I=Vl/n
Time interval Time Height Volyms Length Grou volume Penetration
0 0 74 0 0,00






























































Innerdiameter of column 0,099 m
Length of packed sand 0,9 m
Volume of sand= 0,0069279 m^3 6,93 dm^3
Crosssection area of column 0,0076977 m^2
Weight of column 13,65 kg
Room temperature 22 °C
17,2







Weight before filterstone 26,28
Weight before saturation 26,6
Weight after saturation 28,6
1,99
Density
Density, water (8°C) 1,001 kg/dm^3
Weight of sand 12,63 kg Kvartssand 4,766037736 dm3
Density of sand 1,82 kg/dm^3 2,65
Porositet= 0,312053451






Measure Volume [ml] Time [s] Q [m^3/s]
1 74 60 0,00000123
2 75 60 0,00000125
3 75 60 0,00000125
4 74 60 0,00000123
Pressure, h
Measure dh (1-2) dh (1-3) dh (2-3) dl (1-2) dl (1-3) dl (2-3) i (1-2) i (1-3) i (2-3)
1 0,294 0,555 0,249 0,2 0,4 0,2 1,47 1,39 1,245
2 0,291 0,55 0,248 0,2 0,4 0,2 1,455 1,38 1,24
3 0,301 0,547 0,245 0,2 0,4 0,2 1,505 1,37 1,225
4 0,295 0,54 0,244 0,2 0,4 0,2 1,475 1,35 1,22
Hydraulic conductivity, K [m/s] Permeabilitet, k [m^2]
K=Q/A*i 1,33069E-11
Measure i (1-2) i (1-3) i (2-3)
1 1,09E-04 1,15E-04 1,29E-04
2 1,12E-04 1,18E-04 1,31E-04
3 1,08E-04 1,19E-04 1,33E-04




Trial 1 vct: 1,0
Pressure 2,6 bar 26,47 mvp
I=Vl/n
Time interval Time Height Volyms Length Penetration Flow, Q [m^3/s] Q/dh
0 0 104,9 0 0,000
30 30 107,1 2,2 0,071 5,64E-04 2,13E-05
30 60 108,1 3,2 0,103 2,57E-04 9,69E-06
30 90 109 4,1 0,131 2,31E-04 8,72E-06
30 120 109,7 4,8 0,154 1,80E-04 6,79E-06
30 150 110,3 5,4 0,173 1,54E-04 5,82E-06
30 180 110,8 5,9 0,189 1,28E-04 4,85E-06
60 240 111,6 6,7 0,215 1,03E-04 3,88E-06
60 300 112 7,1 0,228 5,13E-05 1,94E-06
60 360 112,4 7,5 0,240 5,13E-05 1,94E-06
60 420 112,7 7,8 0,250 3,85E-05 1,45E-06
60 480 113 8,1 0,260 3,85E-05 1,45E-06
120 600 113,3 8,4 0,269 1,92E-05 7,27E-07
60 660 113,5 8,6 0,276 2,57E-05 9,69E-07
120 780 113,7 8,8 0,282 1,28E-05 4,85E-07
60 840 113,8 8,9 0,285 1,28E-05 4,85E-07
60 900 113,9 9 0,288 1,28E-05 4,85E-07
300 1200 114,4 9,5 0,304 1,28E-05 4,85E-07
120 1320 114,5 9,6 0,308 6,41E-06 2,42E-07
240 1560 114,8 9,9 0,317 9,62E-06 3,64E-07
120 1680 114,9 10 0,320 6,41E-06 2,42E-07
180 1860 115,1 10,2 0,327 8,55E-06 3,23E-07
240 2100 115,3 10,4 0,333 6,41E-06 2,42E-07
300 2400 115,6 10,7 0,343 7,70E-06 2,91E-07



















































b cubic = 153 µm bhyd n1= 23 bK-C n1= 55 µm beqv (n1)= 1,19E-04 µm S (n1)= 31 065 m-1
bhyd n2= 24 bK-C n2= 49 µm beqv (n2)= 1,35E-04 µm S (n2)= 26 480 m-1
Grout column
Pressure 2,6 bar 26,47
I=Vl/n
Time interval Time Height Volyms Length Grou volume Penetration
0 0 65,5 0 0,00
30 30 72,9 7,4 0,092270461 0,24
30 60 73,1 7,6 0,094764257 0,24
30 90 75 9,5 0,118455322 0,30
30 120 75,3 9,8 0,122196016 0,31
30 150 75,6 10,1 0,125936711 0,32
30 180 75,7 10,2 0,127183609 0,33
60 240 76,1 10,6 0,132171201 0,34
60 300 76,5 11 0,137158794 0,35
60 360 76,8 11,3 0,140899488 0,36
60 420 77,2 11,7 0,145887081 0,37
60 480 77,3 11,8 0,147133979 0,38
120 600 77,7 12,2 0,152121571 0,39
60 660 77,8 12,3 0,153368469 0,39
120 780 78,1 12,6 0,157109164 0,40
60 840 78,2 12,7 0,158356062 0,41
60 900 78,4 12,9 0,160849858 0,41
300 1200 79,3 13,8 0,172071941 0,44
120 1320 79,7 14,2 0,177059534 0,46
240 1560 80,2 14,7 0,183294024 0,47
120 1680 80,5 15 0,187034719 0,48
180 1860 80,8 15,3 0,190775413 0,49
240 2100 81,3 15,8 0,197009904 0,51
300 2400 82 16,5 0,20573819 0,53


































































Innerdiameter of column 0,099 m
Length of packed sand 0,9 m
Volume of sand= 0,0069279 m^3 6,93 dm^3
Crosssection area of column 0,0076977 m^2
Weight of column 13,09 kg
Room temperature 22,6 °C
22,4







Weight before filterstone 24,69
Weight before saturation 25,37
Weight after saturation 27,6
2,23
Density
Density, water (8°C) 1,001 kg/dm^3
Weight of sand 11,6 kg Kvartssand 4,377358491 dm3
Density of sand 1,67 kg/dm^3 2,65
Porositet= 0,368156772






Measure Volume [ml] Time [s] Q [m^3/s]
1 375 60 0,00000625
2 376 60 0,00000627
3 325 60 0,00000542
4 319 60 0,00000532
5 310 60 0,00000517
Pressure, h
Measure dh (1-2) dh (1-3) dh (2-3) dl (1-2) dl (1-3) dl (2-3) i (1-2) i (1-3) i (2-3)
1 0,257 0,535 0,287 0,2 0,4 0,2 1,285 1,34 1,435
2 0,256 0,535 0,286 0,2 0,4 0,2 1,28 1,34 1,43
3 0,285 0,541 0,257 0,2 0,4 0,2 1,425 1,35 1,285
4 0,256 0,519 0,263 0,2 0,4 0,2 1,28 1,30 1,315
5 0,269 0,525 0,256 0,2 0,4 0,2 1,345 1,31 1,28
Hydraulic conductivity, K [m/s] Permeabilitet, k [m^2]
K=Q/A*i 5,44008E-11
Measure i (1-2) i (1-3) i (2-3)
1 6,32E-04 6,07E-04 5,66E-04
2 6,36E-04 6,09E-04 5,69E-04
3 4,94E-04 5,20E-04 5,48E-04
4 5,40E-04 5,32E-04 5,25E-04
5 4,99E-04 5,11E-04 5,24E-04




Trial 1 vct: 1,0
Pressure 2,6 bar 26,47 mvp
I=Vl/n
Time interval Time Height Volyms Length Penetration Flow, Q [m^3/s] Q/dh
0 0 103,5 0 0,000
60 60 106,4 2,9 0,079 3,72E-04 1,41E-05
90 150 114,5 11 0,299 6,93E-04 2,62E-05





























b cubic= 377 µm bequ n1= 42 bcalc n1= 100 µm beqv (n1)= 188 µm S (n1)= 21 436 m-1
bequ n2= 45 bcalc n2= 81 µm beqv (n2)= 230 µm S (n2)= 16 329 m-1
Grout column
Pressure 2,6 bar 26,47
I=Vl/n
Time interval Time Height Volyms Length Grou volume Penetration
0 0 73,4 0 0,00














































































Development of expression for growth of a filter cake  Appendix D 1/3 
 
Expression for the growth of a filter cake 
 
In Figure D.1., the process of a growing filter cake is shown. The filter cake has a 
thickness of θ and is growing with dθ. Into the filter cake is a suspension flowing with 
the concentration, C of grains in the water. The total flow is Q and the flow area is A. The 





d ⋅=θ         D.1. 
 













Figure D.1. Filter cake with thickness θ and increased thickness of dθ as a suspension 
flow through a pipe with area of A. 
 
The driving force is expressed as Δp and the hydraulic conductivity is K. Combining 
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⋅⋅Δ=⋅ ρθθ      D.4. 
 
Integrating this according to Equation D.5. yields an expression according to Equation 
D.6. 
 




2θ         D.6. 
 
This means that the thickness of the filter cake can be expressed as : 
 
tconst ⋅⋅= 2θ        D.7.   
 
By combining Equation D.2. with the expression obtained in Equation D.7., the flow can 














    D.8. 
 








⋅Δ⋅= ρ       D.9. 
 
The volume of material in the filter cake can be expressed by integrating over time and 















⋅Δ⋅=⋅= ∫ ρρ . D.10. 
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The expression developed in Equation D.10. implies that the volume of the filter cake is 
proportional to the square root of time. This can be schematically described according to 
Figure D.2. The volume or penetration of the suspension is initially increasing fast but 
after some time the curve is flatten-out and becomes proportional to the square of the 















Figure D.2. The volume or penetration of suspension versus the square of time. As the 
penetration curve is proportional (linear) with the square of time, the forming of a filter 
cake can be expected.  
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